Growth, thermal reaction, and crystalline structure of ultrathin iron silicide films on Si͑111͒ are studied by low-energy electron diffraction ͑LEED͒ and Auger electron spectroscopy ͑AES͒. The structural development of silicide layers is monitored in dependence on iron coverage and annealing temperature. Below approximately 10 monolayers ͑ML͒ of iron, two film structures appear, that are not stable in bulk material, while above that limit a switch to the bulk structures is observed. The morphology of the films is strongly dependent on the growth conditions. Their homogeneity can be considerably improved by simultaneous deposition ͑coevaporation͒ of Fe and Si in the desired stoichiometry compared to annealing predeposited Fe films. This improvement is accompanied by the suppression of pinholes in the film. The Fe:Si stoichiometry of the (1ϫ1) and (2ϫ2) phase can be assigned 1:1 and 1:2, respectively. The crystal structure of the former was previously determined to be CsCl, so called c-FeSi. For codeposition in 1:2 stoichiometry an initially disordered (1ϫ1) phase transforms to a well ordered (2ϫ2) phase after annealing. For these phases, ␥-FeSi 2 in CaF 2 structure, the tetragonal ␣-FeSi 2 or an iron depleted variant of the CsCl structure are compatible with LEED and angle resolved AES results. In case of 1:2 stoichiometric films, the stability range of the (2ϫ2) periodic phase can be extended to more than 60 Å ͑equivalent to more than 20 ML Fe͒ by coevaporation.
I. INTRODUCTION
The deposition of metal layers on silicon and their reaction with the substrate are important process steps in semiconductor device technology. The interface structure between metal and semiconductor material determines the electronic properties of the so formed device, whereby both an ohmic contact 1 or a Schottky barrier, i.e., an active electronic element 1,2 can be realized. Recently, ferromagnetic layers have become of strong interest and promise an additional perspective for metal/silicon systems by the integration of nonvolatile memories into silicon technology. 3 However, to a large extent, the properties of the metal-silicon interface and the deposited layer are determined by the socalled silicidation, i.e., by the tendency of most metals to react with the substrate at moderate temperatures. Therefore, careful control of the preparation conditions is necessary in order to obtain the desired metal or silicide layers in sufficient quality. Also, as with the ongoing miniaturization of electronic devices the metal or silicide dimensions decrease, alternate film structures with novel atomic and electronic properties can appear. The reacted silicides often assume crystal structures that are stablilized in thin-film geometry only and are not present in the silicon-metal bulk phase diagram. In the case of iron, to which we focus in the present article, the bulk phase diagram contains three stable crystal structures for certain atomic compositions at room temperature 4 as displayed in Fig. 1 . We concentrate in particular on the example of 50% atomic Si content, where semimetallic ⑀-FeSi crystallizes in the B20 structure, 5, 6 and of 66% atomic Si content, where the semiconducting ␤-FeSi 2 phase develops in orthorhombic crystal structure. 5 At this composition, an additional metallic phase, ␣-FeSi 2 is stable at elevated temperatures of above 950°C. 5 Ultrathin films, however, assume different crystal structures as reported by several groups. 7, 8 At 1:1 stoichiometry, instead of ⑀-FeSi a phase of CsCl crystal structure (c-FeSi) has been reported. [8] [9] [10] [11] The phase at 66% silicon exhibits also a symmetry different from the bulk with, however, the structure still under debate. The CaF 2 structure (␥-FeSi 2 ), an iron depleted defect CsCl structure and an ␣-FeSi 2 derived structure have been proposed. [12] [13] [14] [15] The crystal structures of these phases are displayed in Fig. 2 . Panels ͑a͒ and ͑b͒ show the cubic CsCl ͑eight unit cells for comparison͒ and CaF 2 structures, respectively. Indicated by the gray shading, ͕111͖-oriented planes are included. The tetragonal unit cell of ␣-FeSi 2 is plotted in panel ͑c͒ which with unit vectors of a ϭbϭ2.68 Å and cϭ5.14 Å roughly compares to the volume of two CsCl cubes. Side view projections in ͓1 10͔ direction of the respective films fitting on Si͑111͒ are displayed in panels ͑d-f͒. For CsCl ͑panel d͒ and CaF 2 ͑panel e͒ these a͒ Author to whom correspondence should be addressed; Permanent address: Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse 1, D-705869 Stuttgart, Germany; electronic mail: u.starke@fkf.mpg.de films are oriented in ͓111͔ direction. For the ␣-FeSi 2 film, the corresponding surface orientation is ͑112͒, i.e., normal to the ͓221͔ direction, and would imply expansion in ͓001͔ direction for an isotropic lattice match on Si͑111͒. Bonds within the projection plane are indicated by single lines. Double lines indicate bonds to two atoms, one in front of and one behind the projection plane.
The growth conditions prove to be of important influence for the development of the different crystal structures. Therefore, the present article elucidates the development of such films and its dependence on the growth conditions. In addition, it provides insight into the morphology and crystal structure of the films. A further motivation for the present work comes from the demand of semiconductor device technology to keep the number of processing steps at a minimum. For the metallization and silicidation on silicon substrates, this request is met by metal evaporation and subsequent thermal silicide reaction. This method has widely been used for iron as well as for other metals and therefore it is the primary preparation technique investigated in the present work. The corresponding results will be presented in Sec. III after a brief description of the experimental techniques ͑Sec. II͒. We will see that the need for diffusive intermixing of the substrate silicon and the metal layer hampers a homogeneous development of the silicide films and that this problem can be circumvented by a simultaneous evaporation of metal and silicon ͑coevaporation technique͒. Results using this technique will be presented in Sec. IV. A discussion of the crystal structure of the different phases follows in Sec. V.
II. EXPERIMENT
The experiments were carried out in a standard ultrahigh vacuum ͑UHV͒ chamber which allowed for in situ preparation and analysis of the sample and film structures. The chamber was equipped with a reverse view low-energy electron diffraction ͑LEED͒ system and a 127°hemispherical analyzer for Auger electron spectroscopy ͑AES͒ with the possiblity of angular resolved scans using a rotatable platform. The LEED spot intensities were taken as structural fingerprints using the Pendry R-factor 16 for a quantitative comparison of the results of different film preparations. For this purpose, LEED-I͑V͒ spectra were recorded using an automated, video based data acquisition system. 17 All spectra were measured for the sample cooled to liquid nitrogen temperature. Using AES, the composition of the film could be monitored after evaporation and during annealing by means of the ratio of peak-to-peak values in the differentiated intensity spectra dN/dE for the different elements. The LEED optics could also be used as a retarding field analyzer for AES measurements with spatial correlation to the LEED pattern for cases of an inhomogeneous development of the surface phases. The angular-resolved Auger mode ͑ARAES͒ was used for high kinetic energies ͑using the three most intense Fe LM M , LM V, and LVV transitions at 598 eV, 651 eV, and 703 eV, respectively͒ to obtain atomic projection directions from a forward focussing interpretation of the Auger electron emission.
Silicon pieces of 6ϫ12 mm size were cut from a ͑111͒-oriented wafer of 0.5 mm thickness. In UHV, they where prepared by resistive heating to obtain a clean and well ordered (7ϫ7)-Si(111) surface as controlled by AES and LEED. Sample temperatures were measured by means of a W/Re thermocouple attached to its back which was calibrated by an infrared pyrometer. Iron and silicon were deposited using electron-beam heated solid-source evaporators with a quartz balance to control the evaporation rate. LEED patterns and spot intensities were used to characterize the order and structural development of the silicide films.
III. DEPOSITION OF IRON FILMS AND THERMAL SILICIDATION
As discussed in the introduction, one preparation method for silicide films is the deposition of iron layers and a silicide reaction by subsequent annealing. By metal deposition at room temperature, the LEED pattern of the initially well ordered (7ϫ7) phase of the clean Si͑111͒ substrate ͓Fig. 3͑a͔͒ is completely destroyed. This is shown for 1 monolayer ͑ML͒ of iron ͓ϭ1 iron atom per (1ϫ1) unit cell͔ in Fig.   FIG. 1 3͑b͒. Upon annealing for 10 min ͑starting from a freshly deposited Fe films͒ two well ordered phases develop within distinct temperature ranges, namely a (1ϫ1) phase between 100°C and 300°C and a (2ϫ2) phase between 400°C and 600°C, respectively. The corresponding LEED patterns are displayed in Figs. 3͑c͒ and 3͑d͒. The development of these two phases is accompanied by a pronounced change in the surface composition as observed by AES. The initial iron content decreases with increasing temperature until only Si remains at about 700°C and the (7ϫ7) superstructure develops again. In Fig. 4 the ratio of the peak-to-peak amplitudes of the Fe and Si AES signals ͑at 47 eV and 92 eV, respectively͒ is plotted as function of temperature ͑annealing in steps of 40°for 10 min͒ for different initial Fe coverages ranging from 0.5 to 10 ML. Plateaus in the composition appear in the temperature ranges of the ordered phases while the transition regions are characterized by a composition change, i.e., around 350 and 650°C. The thicker the film the less pronounced are the plateaus, even with prolonged heating times. Yet, up to 8 -10 ML initial Fe coverage sharp LEED patterns are observed for the entire temperature range of each ordered phase. Obviously, the interdiffusion of iron and silicon proceeds slowly while the surface structure develops independently and on a faster time scale.
The structural development of the films during annealing can be monitored by comparing the I͑V͒ spectra recorded subsequently for different annealing temperatures. For an initial 1 ML iron film, this is demonstrated in Fig. 5 . In panel ͑a͒ the spectra of the ͑10͒ spot ͓see Fig. 3͑c͒ for the spot labeling͔ are shown after annealing at the respective temperature for 10 min and measurement after a subsequent quench to 90 K. In the left-hand side part ͑b͒, the Pendry R-factors calculated for adjacent spectra are plotted for the complete annealing series. They clearly reveal the stability ranges for the two ordered phases. Small R-factors ͑below 0.05 to 0.1͒ mark temperature ranges of structural stability, while large values indicate a structural transformation. Thus, the (1ϫ1) phase is shown to be stable up to 300°C and the (2ϫ2) phase between 400°C and 600°C. These temperature ranges vary slightly, i.e., they shift upwards and narrow with increasing initial Fe coverage.
Ordered (1ϫ1) and (2ϫ2) phases can be observed up to an initial Fe coverage of about 8 -10 ML ͑see next for thicker films͒. However, the underlying structures change with coverage as indicated by the I͑V͒ spectra displayed for different film thickness in Fig. 6 . Certain features of the clean Si͑111͒ surface are still present in thin silicide films as marked by gray shading under the respective intensity maxima for the ͑10͒ spot spectra of both the (1ϫ1) and the (2ϫ2) phase ͑panels a and b, respectively͒. The energy positions of these features are independent of coverage. Only above 3 ML the features disappear which indicates that clean Si patches ͑pinholes͒ are still exposed in films up to 3 ML because a silicide layer on top of the topmost Si layer would change the diffraction conditions, both kinematically and dynamically. The constant energy of minima and maxima can only be explained by a coexistence of bare Si with silicide patches. It should be noted in addition that in the 3-5 ML initial iron coverage regime ͓cf. Figs. 6͑a͒ and 6͑b͒, 3 ML data͒ there are no energies where the intensities completely vanishes as it should occur at certain energies due to full destructive interference. This indicates the presence of a mixture of different surface phases where one phase still contributes intensity when the other phase produces zero intensities. That is also consistent with the ͑1/2,1/2͒ spot spectra displayed in Fig. 6͑c͒ for the (2ϫ2) phase. Clearly they are basically equal for 0.5, 1, and 3 ML and even higher Fe coverages which indicates the growth of thick (2ϫ2) silicide islands from the very beginning. Otherwise, for varying thickness of the silicide layer a varying contribution of ͑mul-tiple͒ scattering from the Si substrate would have to be expected, necessarily leading to changes in the spectra. With increasing Fe coverage, these islands grow laterally and eventually coalesce. Up until that stage, uncovered Si patches still exist. Of course, this can only be a qualitative conclusion, quantitative results require a crystallographic analysis involving dynamical LEED calculations. Nevertheless, similar trends have been observed by scanning tunneling microscopy with thick islands growing even in the submonolayer regime. 18 At initial iron film thicknesses of 10 ML and above new film structures are obtained by the silicide reaction. At low temperatures, the (1ϫ1) phase becomes more and more disordered as demonstrated in Fig. 7͑a͒ . Presumably, this represents the onset of a transformation to bulk-like ⑀-FeSi which was reported for films of larger thickness. 19, 20 For the 10 ML films, the high temperature phase develops additional spots at 1/4 order positions in the (2ϫ2) LEED pattern as shown in Fig. 7͑b͒ . These additional spots belong to a c(4ϫ2) phase which is obtained in full order at higher initial coverages ͓see e.g., 25 ML in Fig. 7͑c͔͒ . This phase corresponds to the orthorhombic ␤-FeSi 2 phase aligned with its ͑110͒ plane in three rotational domains on the Si͑111͒ surface with a corresponding superposition of LEED patterns as sketched in panel d ͑see Refs. 21 and 22 for details͒.
So, the technique of iron deposition and subsequent annealing produces well ordered films structurally stabilized by the thin-film geometry, however, only for initial iron coverages up to about 8 ML. Above that range, we observe a rapid loss of order with increasing film thickness. Starting at 10 ML, initial iron deposition a switch to bulk structures is found.
IV. CODEPOSITION OF IRON AND SILICON
As the primary reason for the inhomogeneous development of the thin films, the considerable diffusion necessary to form the silicide compound is suspected. To circumvent this need for diffusion processes, we tried the technique of coevaporation which for cobalt silicide films had been essential for high quality growth results 23 and has also been used before for thick iron silicide films. 20, 24 The improvement in the case of iron silicide is shown in Fig. 7 which, by using LEED patterns, compares the surface order of the silicide films discussed in the previous section which were prepared by annealing a predeposited iron film ͑10 ML͒ ͑panel a and b͒ to such resulting from the coevaporation technique ͑e and f͒. While the (1ϫ1) LEED pattern of the annealed iron film ͑a͒ shows pronounced peak broadening and a diffuse background indicating substantial disorder, the codeposited film FIG. 6 . LEED intensities for silicide films formed with different Fe coverages ͑as indicated͒ on Si͑111͒: ͑a͒ ͑10͒-spot spectra of the (1ϫ1) phase, ͑b͒ ͑10͒-spot spectra of the (2ϫ2) phase, and ͑c͒ ͑1/2,1/2͒-spot spectra of the (2ϫ2) phase. Fingerprint features are indicated by shading ͑see Sec. III͒ and arrows ͑see Sec. V͒, R P denotes the Pendry R-factor calculated for adjacent coverages.
͑8 ML iron and 8 ML Si͒ immediately after deposition shows sharp spots and no detectable background even at the high contrast level used in panel e. While after annealing the iron layer to 550°C, the silicide film displays significant disorder with the onset of ␤-FeSi 2 formation ͑b͒, a film prepared from 8 ML iron codeposited with 16 ML Si shows perfect (2ϫ2) order ͑panel f͒. Details of the quality improvement can be drawn from LEED intensities as depicted in panel ͑g͒ for the (2ϫ2) phase. The dominant spectral features in the data of the silicide resulting from predeposited iron and from coevaporation are the same. Yet, the spectra of the reacted iron film include also intensity maxima of the clean (7 ϫ7)-Si(111) surface ͑indicated by gray bars, see also Sec. III͒, features which are absent in the film prepared by coevaporation. In the latter, also complete destructive interferences, i.e., zero intensities are found which indicate the presence of a homogeneous phase. Thus, by coevaporation, it is obviously possible to eliminate pinholes as well as to inhibit the mixing of different silicide phases. Concerning the substrate temperature, the best silicide films were obtained by codeposition at room temperature or slightly above (100°C) as judged by the LEED pattern. The patterns displayed in Figs. 7͑e͒ and 7͑f͒ correspond to films deposited at 80°C.
However, more important than the substrate temperature is the codeposition of the materials with the correct stoichiometry. Only then, in the subsequent annealing step, diffusion on a large scale is avoided and only a local atomic rearrangement is needed to assume the silicide structure. This is demonstrated in Fig. 8͑a͒ using the AES intensity ratios for coevaporated films of an initial 1:1 and 1:2 composition displayed as a function of annealing temperature. The films had a nominal thickness of 4 ML Fe. The stoichiometry of the coevaporated films indeed remains constant within the stability range of both the (1ϫ1) and (2ϫ2) phase. For the iron rich film ͑1:1 composition͒, this holds up to a temperature of about 300°C where it starts to become iron depleted by the annealing process similar to the case of thermally reacted iron films and transforms to the (2ϫ2) phase. Silicon-rich films maintain their initial 1:2 stoichiometry across the phase transformation regime up to a temperature of about 550°C where the iron starts to vanish completely as mentioned in Sec. III. For comparison, Fig. 8͑a͒ also depicts the continuous compositional change for a thermally reacted 10 ML iron film. At higher temperatures, the annealed 10 ML Fe film exhibits a higher Si/Fe ratio at the surface than the coevaporated films which could be interpreted as an overshooting effect in the diffusion process presumably triggered by the tendency for Si segregation to the surface. 25 It might also indicate a lower density of diffusion channels in coevaporated films such as grain or island boundaries. The quality improvement by the coevaporation technique is in particular notable for 1:1 stoichiometry. As noted in the previous paragraph, when these films are prepared in the correct stoichiometry, a relatively sharp (1 ϫ1) LEED pattern is observed even at room temperature, i.e., right after deposition. Even though the annealing process improves the long range order of the film even further, visual inspection of LEED I͑V͒ spectra recorded for different annealing temperatures as shown in Fig. 8͑b͒ reveals that the local atomic structure develops immediately. It remains constant up to 300°C as monitored by the low R-factors obtained for adjacent spectra ͓cf. Fig. 8͑c͔͒ . Notably, during the transition from the (1ϫ1) to the (2ϫ2) phase, which is accompanied by the appropriate compositional change from 1:1 to 1:2 ͓cf. Fig. 8͑a͔͒ , the LEED pattern temporarily vanishes indicating a considerable structural rearrangement. The latter is also evident from the high R-factor of 0.67 between the ͑10͒ spectra of the (1ϫ1) and (2ϫ2) phase ͓Fig. 8͑c͔͒. As a visual fingerprint feature, we note the disappearance of the peak at 250 eV and the peak shifting from 165 eV to 175 eV ͓Fig. 8͑b͔͒ as depicted by arrows. We note that these fingerprint changes can also be observed for thick thermally reacted iron films ͑3 and 7 ML͒ ͑arrows in in Figs. 6͑a͒ and 6͑b͔͒, which indicates that the same structural changes are involved.
Interestingly, when the initial coevaporation stoichiometry is 1:2, i.e., silicon rich, the LEED pattern observed in the low temperature regime is of (1ϫ1) symmetryunexpectedly for this composition in view of the findings in the previous section. One might attribute this to a lack of ordering in the low temperature regime. However, also the I͑V͒ spectra are similar for the two (1ϫ1) phases despite their different compositions as shown in Fig. 9 ͑left-hand side panel͒. The visual fingerprint features at 165 and 250 eV as well as the mutual R-factors clearly indicate that in both cases the spectra represent the same low temperature (1 ϫ1) phase. So, it seems that even with different compositions, the films assume similar crystal structures in the low temperature regime, i.e., the inevitable vacancies in the 1:2 film are not visible in the LEED intensities. In the high temperature regime, both films reach ͑or maintain͒ the 1:2 stoichiometry and correspondingly develop the characteristic structure of the (2ϫ2) phase as shown in Fig. 9 ͑right-hand side panel͒. However, a detailed look at the fingerprint energies ͑165/175 eV, 250 eV͒ corroborates that with the correct initial composition ͑1:2, dashed line͒ the film structure develops much better which also explains the residual R-factor difference. Besides the improved quality of the films, coevaporation also increases the thickness regime for a homogeneous development of the thin film stabilized structures. By repeated coevaporation of four Fe and eight Si layers, each time followed by an annealing step, the (2ϫ2) structure can be maintained up to the equivalent of 20 ML Fe ͑more than 60 Å͒, i.e., the early switch to the semiconducting ␤-FeSi 2 phase, which is observed otherwise, 13, 24 is avoided.
V. IMPLICATIONS ON FILM STRUCTURE
The results presented in the previous sections demonstrate that the preparation method has an important impact on the quality and structure of the silicide films. The simultaneous deposition of Fe and Si on Si͑111͒ leads to better films when the correct choice of the initial composition makes diffusion during the silicide reaction superfluous. These films apparently cover the whole substrate as concluded from the absence of bare substrate intensity contributions in the I͑V͒ spectra. The appearance of zero intensities in addition indicates the presence of only a single film phase. In other words, coevaporation also improves the homogeneity of the films. The (1ϫ1) LEED pattern of a 1:1 coevaporated film appears immediately after room temperature deposition. When such a 1:1 film is annealed above the phase transformation temperature (350°C-450°C), the LEED pattern vanishes in contrast to the annealing of a pure Fe film, where the pattern gradually transforms to (2ϫ2). This indicates a more uniform phase transformation process again corroborating the homogeneity of the FeSi film in the case of codeposition.
The constant AES signals during annealing ramps up to 300°C for a 1:1 film and up to 550°C for a 1:2 film prove that these stoichiometries, which are quantitatively deter- mined by the quartz balance, are indeed characteristic for the ordered (1ϫ1) and (2ϫ2) phases. Nevertheless, insufficiently annealed films of 1:2 stoichiometry exhibit a phase of (1ϫ1) symmetry, whose LEED spectra are very similar to those of the (1ϫ1) phase of 1:1 composition. So, the structures somehow must be similar despite the different stoichiometries. However, that also indicates that different structures can be prepared at 1:2 stoichiometry namely a disordered (1ϫ1) and a high temperature (2ϫ2) phase. For the 1:1 stoichiometric (1ϫ1) phase, a CsCl structure is strongly favored. [8] [9] [10] [11] The (1ϫ1) phase of 1:2 stoichiometry therefore should be a variant of the CsCl structure in which half of the iron atoms are statistically removed. This would correspond to the defect-CsCl structure which was proposed by von Känel, 8 however, for a high temperature annealed phase. Nevertheless, for the LEED intensities being so similar to those of the CsCl structure, no additional bond distances should be present ͑particularly in directions strongly contributing to multiple scattering͒ as otherwise different intensity maxima and minima would have to be expected. Yet, it should be noted that two other structures proposed for the 1:2 stoichiometric phase, namely ␥-FeSi 2 and ␣-FeSi 2 , can also be viewed as iron depleted CsCl, only that the iron vacancies are aligned in layers and thus would yield different LEED intensities.
For the integer order spots of the (2ϫ2) phase, different LEED intensities are observed than for the (1ϫ1) film of the same ͑1:2͒ composition ͑R P ϭ0.92, cf. Fig. 9͒ . At first glance this might indicate a different structure throughout the film. However, also a different surface termination in (2 ϫ2) periodicity with strong scatterers ͑as Fe͒ involved and an unmodified film below could have such an effect. Therefore, to obtain further information about the crystal structure of the films we measured the angular distribution of the high energy Fe Auger peak intensity. The average intensities of the LM M , LM V, and LVV transitions were recorded within the ͕1 10͖ plane where positive and negative angles correspond to non-symmetric directions ͓cf. Fig. 2͑d͔͒ . The polar surface orientation was determined using LEED intensities of the (7ϫ7)-Si(111) surface. Figure 10 shows angular scans for a FeSi ͑panel a͒ and a FeSi 2 film corresponding to (1ϫ1) and (2ϫ2) LEED patterns, respectively. Obviously, both films show intensity maxima for similar angles as indicated by the arrows. Angles above 30°could not be measured due to restrictions of the rotational movement, however, from the rising intensity, one can envision a peak in the 35°region which would correspond to a Fe-Fe forward focussion direction in CsCl as depicted in Fig. 11 . In Fig. 11 , Fe atoms ͑large spheres͒, present only in CsCl but not in CaF 2 , are drawn with lighter shading. A shoulder appearing in the rising intensity toward positive angles could be correlated to the 21.9°Fe-Si emission direction indicated in Fig.  11 . The two peaks observed for negative angles correspond to emission directions applying for both structures, CsCl and CaF 2 . Their intensity is reduced for the (2ϫ2) film which, however, would have to be expected for all three crystal structures proposed for FeSi 2 thin films. So, also the present ARAES experiments fail to differentiate between those. However, due to the absence of other forward focussing directions, other crystal structures seem to be rather unlikely for this phase.
Finally, we showed that by using the coevaporation technique, it was possible to grow thicker films for the thin film stablized (2ϫ2) phase, whereby thicknesses of larger than 60 Å could be reached. This is certainly not comparable to the 1000 Å thick films one can grow in 1:1 composition. 24 Nevertheless, the delayed relaxation of the film structure toward ␤-FeSi 2 is remarkable. The difference between 1:1 and 1:2 stoichiometric films in that respect is that CaF 2 , one of the structures proposed for Si-rich thin films, and ␤-FeSi can be transformed into each other by a subtle distortion of the unit cell accompanied by only small atomic displacements. 26 In contrast, CsCl and ⑀-FeSi ͑1:1 composition͒ are entirely different crystal structures. So, for CaF 2 , the switch to the bulk structure can take place much more easily. For a pseudomorphically grown CaF 2 -type film on Si͑111͒, the lateral strain due to this distortion would be anisotropical and of the opposite sign in directions perpendicular to the surface. Thus, the presence of only a few defects could allow for a relaxation toward the bulk structure. For silicide films prepared by annealing of Fe films, these would be caused by the necessary diffusion channels for the compositional mixture during the silicide reaction. The observed delay of this relaxation indicates again a considerable reduction of defects in the coevaporated films, possibly due to the absence of large scale diffusion.
VI. SUMMARY
Compared to annealing predeposited Fe films, a considerable improvement of the homogeneity of ultrathin silicide films on Si͑111͒ could be achieved by simultaneous deposition ͑coevaporation͒ of Fe and Si in the desired stoichiometry. This improvement is accompanied by the suppression of pinholes. The previous assignment of 1:1 and 1:2 stoichiometry for the two thin film stabilized (1ϫ1) and (2ϫ2) phases could be quantitatively confirmed. For 1:2 stoichiometry, the (2ϫ2) phase develops only by the annealing of a disordered (1ϫ1) phase. For both phases, iron depleted variants of the CsCl structure, defect-CsCl, CaF 2 , or ␣-FeSi 2 are compatible with the LEED and ARAES data presented. In the case of 1:2 stoichiometric films, the stability range of the (2ϫ2) periodic phase could be extended to more than 60 Å.
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